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Abstract

Epigenetic markers based on differential methylation of DNA sequences are used in cancer
screening and diagnostics. Detection of abnormal methylation at specific loci by real-time
quantitative polymerase chain reaction (RT-gPCR) has been developed to enable high-
throughput cancer screening. For tests that combine the results of multiple PCR replicates
into a single reportable result, both individual PCR cutoff and weighting of the individual
PCR result are essential to test outcome. In this opportunistic screening study, we tested
samples from 1133 patients using the triplicate Epi proColon assay with various algorithms
and compared it with the newly developed single replicate SensiColon assay that measures
methylation status of the same SEPT9 gene sequence. The Epi proColon test approved by
the US FDA (1/3 algorithm) showed the highest sensitivity (82.4%) at a lower specificity
(82.0%) compared with the Epi proColon 2.0 CE version with 2/3 algorithm (75.1% sensitiv-
ity, 97.1% specificity) or 1/1 algorithm (71.3% sensitivity, 92.7% specificity). No significant
difference in performance was found between the Epi proColon 2.0 CE and the SensiColon
assays. The choice of algorithm must depend on specific test usage, including screening
and early detection. These considerations allow one to choose the optimal algorithm to max-
imize the test performance. We hope this study can help to optimize the methylation detec-
tion in cancer screening and early detection.

Introduction

Worldwide, colorectal cancer (CRC) is the third most common malignancy in men and the
second in women [1]. Regular screening and early detection of CRC can achieve effective pre-
vention. However, 60%-70% of CRC patients are not diagnosed until they are symptomatic at
later stages, and only 11.8% of cases are detected at early stages [2]. It is therefore urgent to
reduce the CRC morbidity and mortality by improving participation in screening. Participa-
tion in screening using current methods, including colonoscopy and fecal blood testing, varies
widely, and there are significant barriers posed by the methods that limit their use. Recently,
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the introduction of blood based screening provides an additional option that may increase
screening rate.

The plasma-based SEPT9 gene methylation assay, developed as the Epi proColon test, was
recently approved by the US FDA as the first blood-based CRC screening test. It has been
shown to be effective for the early detection and screening of CRC, supported by a number of
case-control and prospective screening studies [3-6]. The test pre-analytics are designed to
extract cell free DNA (cfDNA) from a 3.5 mL plasma sample, perform bisulfite conversion and
purify bisulfite converted DNA (bisDNA). The PCR assay measures SEPT9 methylation in
triplicate PCR reactions using the bisDNA derived from the 3.5 ml plasma sample. This is
based on the consideration that abnormally methylated cfDNA occurs at a very low concentra-
tion in the blood, potentially in the single digit copies per milliliter, in the background of
much higher concentration of normal genomic DNA. In order to distinguish the low copy
number aberrantly methylated DNA from background, the test needs to be very sensitive
while maintaining sufficient specificity.

Data interpretation in multiple PCR diagnosis poses a challenge, as positive interpretation
from a single PCR from a set of replicate reactions may generate high specificity at the price of
reducing sensitivity, while positive interpretation requiring more than one reaction from a set
of replicates would result in higher sensitivity at the cost of reducing specificity. Optimizing
sensitivity and specificity to achieve the best performance of an assay for its intended use is a
key step in developing a diagnostic product, as is observed in Reciever Operator Characteristic
(ROC) analysis where an optimized Area Under the Curve (AUC) is derived based on the rela-
tionship of these two parameters. As an example, given that the Epi proColon test is run in
triplicate, interpretation can be adjusted by requiring only one, two or all three replicates to be
positive for the result to be determined positive, and these differences shift the sensitivity /
specificity performance of the test.

The choice of algorithm is dependent on the purpose of a test. If tests aim at excluding as
many negative subjects as possible, such as those for early detection purpose, high specificity
should be prioritized and positive interpretation from more than one PCR replicates should be
considered. In contrast, if tests aim at detecting as many positive subjects as possible, such as
those for disease screening, high sensitivity is the priority and positive interpretation from one
PCR should be considered. The choice of algorithm is also dependent on the rules of different
healthcare systems. Most healthcare systems favor high specificity tests in screening to avoid
expensive follow-up procedures, but high sensitivity is favored in order to avoid missing can-
cers in the US system. In the US, the Epi proColon algorithm requires only one positive,
emphasizing the highest sensitivity. In Europe, the Epi proColon 2.0 CE algorithm requires at
least two positive results, placing a greater emphasis on test specificity. It is clear that the assay
exhibited distinct sensitivity and specificity when different algorithms were applied, and clear
and thorough analysis of same set of data side-by-side should be performed to illustrate and
scientifically prove the impact of 1/3 and 2/3 algorithm. This would avoid the confusion in
understanding the fluctuation of Epi proColon test results in different publication. This is one
purpose of this study because the choice of algorithm will impact the power of the test and
indication for application.

In this study, we performed opportunistic screening using the CE-marked Epi proColon
2.0 CE assay. Opportunistic screening has been proven as an effective way to screen in the hos-
pital environment [7]. It occurs when potential patients come to their doctors for a health
examination or test due to illness or discomfort. Doctors use this opportunity to encourage
these patients to attend a disease screening program. We analyzed the four possible algorithms:
1/3,2/3, 1/1 and 3/3, and the new SensiColon assay, a single replicate SEPT9 assay recently
approved by the Chinese FDA (CFDA) [7], in matched patients. Distinct sensitivity and
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specificity were calculated using various algorithms and compared in order to identify the
optimal algorithm for opportunistic screening. Our results show that the single PCR SEPT9
assay is equally effective as the 2/3 algorithm Epi proColon 2.0 CE assay in opportunistic
screening. This new single PCR SEPT9 assay simplifies the test procedure, lowers the test costs
with no compromise in test performance, and therefore may exhibit higher compliance.

Materials and Methods
Ethics

The plan for the trial was submitted to the ethics committee of the participating hospitals for
review and approval before the start of the clinical trial. All subjects signed the informed con-
sent before blood or stool collection, and they were informed of the usage of plasma and the
test results. Confirmation of approval for clinical trials or studies was received from all named
institutional review board or ethics committee. The participating institutions and the members
of review board or ethics committee are listed below:

The Chinese PLA 309™ Hospital: Ligin Wang, Nan Ye, Haotian Yu, Wengiao Wang, Chen
Yao, Yue Zheng, Nan Li, Guokun Ao, Yumei Liang, Guanren Zhao, Hongqun Cheng, Hong
Wang, Xia Shen

The Army General Hospital: Ying Han, Shushan Shi, Xiaojun Peng, Xingyou Wang, Xiao-
hui Dj, Yingxin Chang, Baisuo Xu, and Lin Xu.

Fudan University Cancer Hospital: Jiong Wu, Chaosu Hu, Yinggiang Shi, Huaying Wang,
Zhengi Lu, Jiliang Yin, Ye Guo, Zhiqiang Meng, Weijun Peng, Ji Zhu, Qing Zhai, Quanxing
Ni, Shaogang Yang, Yueqin Diao, Qin Lu, and Weijing Zhang.

Study design, patients, and colonoscopy

The opportunistic screening study was designed and implemented in three Chinese hospitals
using the Epi proColon 2.0 CE assay. Clinical status was not determined before blood draw for
SEPT?9 assay, and blood samples were obtained from all subjects who met the selection criteria.
All technicians were blinded to the clinical information of subjects. A total of 1133 subjects
were recruited in this study, including 369 CRC patients, 113 subjects with advanced adenoma,
87 subjects with polyps, 27 subjects with inflammatory bowel diseases (IBD), 47 subjects with
other GI diseases (ulcer, colitis, etc) and 490 subjects with no evidence of disease (NED)
(Table 1). Here polyps refer to inflammatory polyps or hyperplastic polyps, and adenoma
refers to adenomatous polyps. The classification of all conditions was based on diagnosis from
colonoscopy and subsequent pathological examinations. Subjects with systemic inflammatory,
malabsorptive diseases, acute medical conditions, and other malignant diseases were excluded
before grouping.

CRC patients were stratified by the anatomic appearance of the tumor and then character-
ized by histopathology. They were divided into six subgroups based on the cancer stage.
Patients with incomplete stage information were grouped into ‘Not Specified’. All 1133 sub-
jects underwent a blood draw before colonoscopy and subsequent biopsies or surgery was per-
formed. None of the patients with cancer received chemotherapy, radiotherapy, or surgical
intervention before the blood draw and colonoscopy.

Sample size estimation

Sample size estimation was based on the following equation for known positive detection rate:
N = Z**[p (1-p)]/E*. The parameters were defined as follows: Z is a statistical parameter
(Z =1.96 for 95% CI); E represented the error (5% was chosen in this study), and P represented
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Table 1. The number of enrolled subjects by diagnostic groups.

Diagnosis group Description
CRC Overall
Stage 0
Stage |
Stage Il
Stage Il
Stage IV
Not Specified
Adenoma
Polyps
IBD
other Gl diseases
NED
Total

Total Gender Age
Male Female <50 50-59 60-69 >70
369 192 177 63 107 108 91
21 10 11 2 10 5 4
42 20 22 9 11 13 9
105 59 46 14 26 32 33
131 62 69 22 40 43 26
15 8 7 3 5 5 2
55 33 22 13 15 10 17
113 74 39 28 35 32 18
87 62 25 34 34 10 9
27 14 13 16 8 1 2
47 27 20 23 18 4 2
490 260 230 256 133 71 30
1133 629 504 420 335 226 152

CRC = colorectal cancer, IBD = inflammatory bowel disease, NED = no evidence of diseases

doi:10.1371/journal.pone.0163333.t1001

the probability of a positive (putative positive detection rate). The p value (0.68) was selected
from existing literature for SEPT9 sensitivity in screening [5,6]. From this, an estimated 334
CRC cases were required. To account for potential incomplete information, tracking, loss of
samples, etc. From the estimation that CRC accounts for 30% of high-risk outpatients at least
1113 patients should be included; therefore, the study goal was to recruit 1336 patients, antici-
pating a 20% loss of follow-up rate (Table 1).

Sample collection and storage

Samples were collected from outpatients or inpatients, and the sample information was
recorded in sample collection forms. A 10-ml peripheral blood sample was collected with
10-ml K,EDTA anticoagulant tubes to ensure the accuracy of the assay. Sample storage and
transportation followed the instructions for use of the Epi proColon 2.0 assay.

DNA extraction and qualitative PCR analysis of SEPT9

DNA extraction from plasma samples and bisulfite conversion were performed according to
the manufacturer’s instructions of Epi proColon 2.0 CE test (Epigenomics AG, Berlin, Ger-
many). The bisDNA was assayed with Epi proColon 2.0 CE on an AB7500 Fast Dx Real Time
PCR device (Life Technologies). PCR was performed in triplicate with 15 uL template DNA
per well and run for 45 cycles. PCR results for Beta-actin (ACTB) and methylated SEPT9 for
each of the triplicate reactions were recorded using the instrument software. The validity of
each sample batch was determined on the basis of methylated SEPT9 and ACTB threshold
count (Ct) values for the positive and negative controls. ACTB was used as an internal refer-
ence to assess the integrity of each sample. The assay procedure for the SensiColon assay was
detailed in previous studies [7].

Data analysis using various algorithm

The data from the PCR reactions of the Epi proColon 2.0 CE assay was analyzed using four
algorithms, including the 1/3, 2/3, 1/1 or 3/3 algorithm. 1/3 algorithm means that a sample was
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considered to be positive if at least one of the three PCRs were positive and was considered to
be negative if all three PCR replicates were negative. The 2/3 algorithm means that a sample
was considered to be positive if at least two of the three PCRs were positive and was considered
to be negative if at least two PCRs were negative. The 3/3 algorithm means that a sample was
considered to be positive if all three PCRs were positive and was considered to be negative if at
least one PCR was negative. Statistics on Epi proColon 2.0 assay by 1/1 algorithm was per-
formed by calculating the mean values of sensitivity and specificity from the three individual
PCR reactions. As the newly developed SEPT9 SensiColon assay performed only one PCR
reaction, the positive or negative result was confirmed from the single PCR. Statistical analysis
was performed and the ROC curves were plotted with Graphpad Prism 5.0 software (Graph-
Pad Software, Inc, La Jolla, CA 92037, USA).

Results

Data interpretation using different algorithms exhibited distinct sensitivity
and specificity in CRC detection

In order to investigate the effect of various algorithms on detection performance, the values
for sensitivity and specificity were calculated and compared. It can be clearly seen from

Table 2 and Fig 1 that 1/3 algorithm exhibited the highest sensitivity while 3/3 algorithm
exhibited the lowest sensitivity. The sensitivity at 1/3 algorithm was significantly higher than
that of the 2/3 (32 = 5.44, p<0.05), 1/1(32 = 12.13, p<0.001) and 3/3 (32 = 51.16, p<0.001)
algorithm. In contrast, 3/3 algorithm exhibited the highest specificity while 1/3 algorithm
exhibited the lowest specificity. The specificity of the 3/3 algorithm was significantly higher
that of the 1/3 (x2 = 79.12, p<0.001) and 1/1()2 = 22.39, p<0.001) algorithm, but not the 2/3
algorithm (2 = 3.26, p = 0.07). The sensitivity increased with the decrease in the required
number of positive PCR reactions, while the specificity increased with the increase in required
number of positive PCR reactions. These results showed a clear trend in the change of sensitiv-
ity and specificity based on the required positive reactions in data interpretation.

Stage-dependent CRC positive detection rate is dependent on the
choice of algorithm

The detection of early stage CRC (stage 0 and I) is extremely important for improving the
effect of early therapy and 5-year survival rate. We also further investigated the detection capa-
bility for early-stage CRC, and recruited 21 CRC subjects at stage 0 (carcinoma in situ, CIS)
and 42 subjects at stage I to study the positive detection rate (PDR) of Epi proColon 2.0 CE
using various algorithms. The PDR for each CRC stage exhibited the same trend as the overall
sensitivity at various algorithms (Table 3 and Fig 2). Although no statistically significant differ-
ences were found between the PDR of each algorithm for stage 0, a clear trend in the PDR can
be observed with the change of algorithm (Fig 2). 57.1% and 64.3% of stage 0 and stage I CRC
was detected, respectively, using 1/3 algorithm, while 52.4% and 54.8% of stage 0 and I CRC

Table 2. Sensitivity and specificity for CRC using different algorithm.

Sensitivity

Specificity

doi:10.1371/journal.pone.0163333.t002

13 2/3 17 3/3
82.4% 75.1% 71.3% 58.0%
(303/369) (277/369) (263/369) (214/369)
82.0% 97.1% 92.7% 98.8%
(402/490) (476/490) (454/490) (484/490)
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Fig 1. The Epi proColon 2.0 CE assay exhibited high sensitivity and specificity in CRC detection. The
sensitivity and specificity of the Epi proColon 2.0 CE assay in the opportunistic screening study with various
algorithm were shown. Values for sensitivity were shown on the left panel and values for specificity were shown
on the right panel for 1/3, 2/3, 1/1 and 3/3 algorithm.

doi:10.1371/journal.pone.0163333.9001

can be detected with 2/3 algorithm. This result suggests that Epi proColon 2.0 can detect more
than half of the CRC cases with the 1/3 or 2/3 algorithm. The PDR also exhibited a stage-
dependent increase, in which higher PDR correlated with higher stage. This is consistent with
previous observations with Epi proColon 2.0 CE [8].

Positive detection rate of Gl diseases exhibited variation with the
different algorithms

Although the SEPT9 assay is regarded as a test for CRC, it exhibited certain PDR for GI dis-
eases other than CRC. Similar trends in PDR were found in other GI diseases as in CRC with
various algorithms (Table 4 and Fig 3). Data interpretation using 1/3 algorithm detected 37.2%

Table 3. Positive detection rate for each CRC stage using different algorithm.

1/3 2/3 11 3/3

Stage 0 57.1% 52.4% 47.6% 33.3%

(12/21) (11/21) (10/21) (7/21)

Stage | 64.3% 54.8% 50.0% 33.3%

(27/42) (23/42) (21/42) (14/42)

Stage Il 87.6% 82.9% 78.1% 65.7%
(92/105) (87/105) (82/105) (69/105)

Stage Ill 87.8% 78.6% 76.3% 64.1%
(115/131) (103/131) (100/131) (84/131)

Stage IV 93.3% 86.7% 93.3% 80.0%

(14/15) (13/15) (14/15) (12/15)

Not specified 78.2% 72.7% 65.5% 50.9%

(43/55) (40/55) (36/55) (28/55)

Overall 82.4% 75.1% 71.3% 58.0%
(303/369) (277/369) (263/369) (214/369)

doi:10.1371/journal.pone.0163333.t003
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Fig 2. Early-stage CRC can be detected by the SEPT9 assay. The positivity detection rate was shown for each colorectal cancer stage in

the opportunistic screening using various algorithm. Data was shown from stage 0 to stage IV and the overall PDR with 1/3, 2/3, 1/1 and 3/3
algorithm.

doi:10.1371/journal.pone.0163333.g002

of patients with adenomas ()2 = 20.04, p<0.001), showing significant difference compared
with the PDR of the NED group (18.0%), and data interpretation using the 2/3 algorithm
detected 26.5% of adenoma patients (32 = 76.19, p<0.001), 9.2% polyps (x2 = 8.09, p<0.01)
and 17.6% IBD (x2 = 17.73, p<0.001), also showing significant difference compared with the
PDR of the NED group (2.9%). A similar trend was also observed with 1/1 and 3/3 algorithm
(Table 4). These results suggest that the SEPT9 assay can distinguish between adenoma/polyps
and the healthy subjects (NED) with the most commonly used algorithm (1/3 and 2/3) in data

interpretation, although the PDR for them is not ideal for it to be an assay for adenoma/polyps
detection.

Table 4. Positive detection rate for colorectal diseases using different algorithm.

1/3 2/3 1Al 3/3
CRC 82.4% 75.1% 71.3% 58.0%
(303/369) (277/369) (263/369) (214/369)
Adenoma 37.2% 26.5% 25.7% 15.0%
(42/113) (30/113) (29/113) (17/113)
Polyps 26.4% 9.2% 12.6% 3.4%
(23/87) (8/87) (11/87) (3/87)
IBD 25.9% 18.5% 18.5% 7.4%
(7/27) (5/27) (5/27) (2/27)
Other Gl Diseases 23.4% 8.5% 12.8% 3.4%
(11/47) (4/47) (6/47) (2/47)
NED 18.0% 2.9% 7.3% 1.2%
(88/490) (14/490) (36/490) (6/490)

doi:10.1371/journal.pone.0163333.1004
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Fig 3. Algorithm affects the detection performance on various colorectal diseases. The positivity detection rate was
shown for serveral types of colorectal diseases. in the opportunistic screening using various algorithm. Data was shown for
CRC, adenoma, polyps, IBD, other Gl diseases and NED with 1/3, 2/3, 1/1 and 3/3 algorithm.

doi:10.1371/journal.pone.0163333.g003

SensiColon, a newly optimized SEPT9 assay using a single PCR
reaction, exhibited equivalent performance with Epi proColon 2.0 CE
assay using the 2/3 algorithm

We recently developed a new simplified SEPT9 assay (SensiColon) and performed an opportu-
nistic screening study in Chinese population [7]. Here we compared the performance of the
two assays in the opportunistic screening setting. As shown in Table 5 and Fig 4, the PDR for
SensiColon and Epi proColon 2.0 CE was compared in CRC, adenoma, polyps, other GI dis-
eases and NED groups. Since the 2/3 algorithm is the recommended methods for data inter-
pretation for Epi proColon 2.0 CE, SensiColon with a single 60 ul total PCR volume
(approximately 1.8 ml plasma equivalent for each PCR reaction) was compared with Epi pro-
Colon 2.0 CE with 2/3 algorithm and 30 pl total PCR volume (approximately 0.9 ml plasma
equivalent for each PCR reaction). It can be clearly seen that SensiColon exhibited an essen-
tially identical PDR for CRC, including all stages, and in Polyps, other GI diseases and NED
groups, although the PDR for Epi proColon 2.0 CE in adenoma appears to be higher than that
for SensiColon. This could be due to the distinct composition of different types of adenoma,

Table 5. Comparison of the positive detection rate between Epi proColon 2.0 and SensiColon.

Positive Detection Rate Epi proColon 2.0 (30 ul PCR,2/3 algorithm) SensiColon (60 pl PCR, 1/1 algorithm) P p
CRC Overall 75.1% (277/369) 76.6% (223/291) 0.22,0.64
| 54.8% (23/42) 64.9% (24/37) 0.83,0.36
1l 82.9% (87/105) 72.7% (48/66) 2.50,0.11
I 78.6% (103/131) 79.3% (65/82) 0.01,0.91
I\ 86.7% (13/15) 93.9% (31/33) 0.71,0.40
Adenoma 26.5% (30/113) 9.8% (21/214) 15.73,P<0.001
Polyps 9.2% (8/87) 5.2% (6/116) 1.25,0.26
Other Gl Diseases 8.5% (4/47) 3.7% (4/108) 1.55,0.21
NED 2.9% (14/490) 4.1% (12/295) 0.84,0.36

doi:10.1371/journal.pone.0163333.t005
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Fig 4. The SensiColon exhibited essentially the same performance as the Epi proColon 2.0 CE assay. Comparison
of the positive detection rate was shown for Epi proColon 2.0 CE and the SensiColon assays in various colorectal
diseases. 2/3 algorithm was used for data analysis in Epi proColon 2.0 CE assay, and 1/1 algorithm was used for
SensiColon assay. Data was shown for PDR of all stages of CRC, adenoma, polyps, other Gl diseases and NED for both
assays.

doi:10.1371/journal.pone.0163333.9004

such as advanced adenoma and non-advanced adenoma, in the two opportunistic screening
trials. Furthermore, the ROC curves from both assays appear to be similar to each other and

the AUC from the assays is essentially identical (Fig 5). These results indicate that the newly

optimized SensiColon using a single PCR exhibited equivalent performance with Epi proCo-
lon 2.0 CE assay using 2/3 algorithm.

100+

9
>
> ;
% 4] @ < sensiColon (1/1) AUC=0.882
» 30{ ® -© EpiproColon 2.0 (2/3) AUC=0.863
20+
10
0 T T '
0 15

5 10
1 - Specificity (%)

Fig 5. The ROC curves showed no difference in performance for the two types of SEPT9 assays.
Comparison of the ROC curves was shown for Epi proColon 2.0 and SensiColon assays. 2/3 algorithm was
used for data analysis in Epi proColon 2.0 CE assay, and 1/1 algorithm was used for SensiColon assay. No
significant difference was found in AUC between the two assays.

doi:10.1371/journal.pone.0163333.9005
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Discussion

Pros and cons in data interpretation of multiple RT-pPCR assay with
different algorithms

The multiple RT-qPCR assay has provided a strong tool for DNA methylation detection in var-
ious diseases, especially in cancer, where abnormal hypermethylation at promoter regions or
around CpG islands is frequently detected. In the Epi proColon assay, abnormal hypermethy-
lation of multiple methylation sites at the SEPT9 gene promoter region is detected using spe-
cific probes and blockers during RT-qPCR reaction [9,10]. Parallel multiple PCR reactions can
enhance the detection sensitivity at the price of increasing the false positive rate, while inter-
pretation of PCR data using different algorithms greatly affects the sensitivity and specificity of
an assay. The optimal algorithm would be the one that best balances the sensitivity and speci-
ficity. In this study, it is clear that 1/3 algorithm exhibited the highest sensitivity with the lowest
specificity, and 3/3 algorithm exhibited the highest specificity with the lowest sensitivity for
overall cancer detection. This is also true for the stage-related positive detection of CRC and
the detection of adenoma and other GI diseases. Since the 2/3 algorithm exhibited slightly bet-
ter sensitivity and specificity than the 1/1 algorithm, it is regarded as the optimal algorithm for
Epi proColon 2.0 CE assay. Therefore, the 2/3 algorithm is recommended as the standard
method for data interpretation in the instructions for use.

Technically, multiple PCR reactions increase the needs for sample quantity and this could
be a challenge for clinical applications of RT-qPCR assays. For example, the current SEPT9
assay requires at least 3.5 ml plasma from 10 ml whole blood to perform three parallel PCR
reactions. This amount of blood is higher than most in vitro blood-based assays. However,
detection of low concentration of abnormal methylation from circulating tumor DNA
(ctDNA) in the background of much higher normal DNA requires sufficient blood, as the
quantity of abnormal ctDNA in circulation is very low. Highly sensitive PCR and probes are
also required for the blood-based ctDNA assay as the detection of abnormal methylation of
less than 10 genome copies is common to discriminate cancer from normal subjects. In the
SEPTY assay, the limit of detection (LOD) could be as low as 7.8 pg/mL (95% CI 6-11 pg/mL),
corresponding to <2 genome copies of methylated SEPT9 per milliliter of plasma [4]. Multiple
replicate PCR reactions enable the detection of such low amount of abnormal methylation.

The choice of algorithm in multiple RT-pPCR assay is dependent on the
purpose of an assay

The multiple RT-qPCR reaction for abnormal methylation detection can be used in early can-
cer detection and screening. The application of the assay in early detection requires relatively
high specificity as a high rate of false positive detection would lead to a high rate of costly fol-
low-up procedures. However, high sensitivity is also important for detecting as many potential
CRC patients as possible. The 2/3 algorithm therefore provided the best balance between sensi-
tivity and specificity as it detected 3/4 of cancer patients with less than about 3% false positive
rate in this study.

In contrast, in average-risk population, both CRC incidence and the detection positivity
rate are low. It was reported by the PRESEPT study that the CRC incidence was 0.67% (53/
7941) while the overall positivity rate for SEPT9 assay was roughly 10% (153/1516) [11]. The
clinical performance of the Epi proColon SEPT9 assay was evaluated in 1544 subjects from the
PRESEPT study. 30 out of 44 CRC patients were detected by the assay, representing a screen-
ing sensitivity of 68%, while 1182 out of 1500 non-CRC patients (including advanced ade-
noma, small polyps, and no evidence of diseases) were confirmed to be negative, representing
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an adjusted specificity of 80%. The sensitivity and specificity in this screening study were cal-
culated using 1/3 algorithm, as sensitivity in CRC screening apparently overweighs specificity
in order to identify as many potential CRC patients as possible, including those with precan-
cerous conditions[4,11]. In a second trial comparing with the OC-Auto fecal immunochemical
test (FIT), the Epi proColon test exhibited a sensitivity of 73.3% at 81.5% specificity [12]. The
Epi proColon assay with 1/3 algorithm was therefore approved by the US FDA as the first
blood-based CRC screening assay.

There is an argument among physicians, patients, and testing providers regarding the 2/3
algorithm. A test result at 1/3 positive should be determined as negative according to 2/3 algo-
rithm, but patients are indeed at high risk with earlier stage of colorectal cancer or developing
into colorectal cancer in foreseen future. Patients with a positive Epi proColon test result
should be referred for diagnostic colonoscopy. It would be a good idea to inform physicians
and patients the high risk of negative result with 1/3 positive in the test, and encourage a fur-
ther colonoscopy examination for patients who do not have colonoscopy examination recently
before the test. The US FDA also recommends that the Epi proColon test results should be
used in combination with assessment from physicians and individual risk factors in guiding
patient management. If a patient exhibits negative result in colonoscopy, more frequent colo-
noscopy examination is recommended. This action may lead to increased burden of public
health service, but will reduce the therapeutic costs for CRC.

Optimization of RT-pPCR assay and the algorithm facilitates CRC
screening and early detection

Ideally, multiple PCRs could be replaced by single PCR to facilitate clinical application. This
could reduce the amount of samples needed, reduce the time needed per run, reduce the costs
per run, simplifies the test procedure, and increase the test throughput per run. These are
important in a screening assay, in which fast, inexpensive, convenient and reliable tests are the
key for success. We recently reported the development of a simplified new SEPT9 assay (Sensi-
Colon) using a 60 pl single PCR reaction with a 1/1 algorithm. This new assay exhibited no dif-
ference in performance to Epi proColon 2.0 CE assay using a 30 pl PCR reaction with the 2/3
algorithm in an opportunistic screening setting, except that the PDR for adenoma in Epi pro-
Colon 2.0 CE was higher than that in the new assay (Figs 4 and 5 and Table 5). This could be
due to the composition of adenomas in the different populations, as the PDR for advanced
adenomas (AA) was shown to be higher than that of the overall adenoma [8].

Since most cycle threshold (Ct) values from normal controls were not detected in the PCR
reaction, we had to set the Ct values to 45 (the maximal number of PCR cycles we ran in the
assay) for those undetected normal controls to plot the curve. This limitation led to the lack of
specificity data points for Ct values >45. Therefore, no data were plotted above certain per-
centage for 1-specificity (the X-axis) in the ROC curves for both Epi proColon 2.0 CE and Sen-
siColon assays. The fact that the two ROC curves exhibited similar shape and AUC values also
suggests that the performance of the two assays in opportunistic screening is identical.

The simplified new SEPT9 assay reduced the required quantity of blood samples and the
amount of DNA by 1/4 to 1/3 without compromising the test performance. It also increased
the PCR throughput three times and reduced the cost of the assay, facilitating its application in
large-scale screening. In addition, a single PCR reaction is easier to manipulate and interpret
and reduces the chance of errors. The simplified assay also expands the options for applicable
PCR machines to ABI 7500 and other PCR equipment, not confining to ABI 7500 fast, fast
DX, and Roche 480 I/I1.
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While an increase in the PCR reaction volume may increase the non-specific signal and
reduce the specificity, this can be overcome by adjusting the cutoff value. In the new SEPT9
assay, we adjusted the cutoff value to 41, instead of 45 as in Epi proColon 2.0 CE, and achieved
the same specificity and maintained the same sensitivity as Epi proColon 2.0 CE assay. The
detailed optimization procedure was outlined in our previous publication’. This is also true if
the sensitivity of SensiColon is adjusted to the identical value of 82.4% as Epi proColon 2.0 CE
at 1/3 algorithm. The specificity of SensiColon at 82.4% sensitivity is calculated to be 81.1%
from the ROC curve, which is very similar to that of the Epi proColon 2.0 CE (82.0% specific-
ity). This result again proves that SensiColon has essentially the same performance as Epi pro-
Colon 2.0 CE. On the other hand, the sensitivity and specificity of an assay is partially
dependent on the intrinsic properties of a marker, especially when the detection capability is
pushed to its limit. Further enhancement of detection sensitivity and specificity may not lead
to improvement of clinical performance, but can reduce the amount of clinical samples
required in an assay. This was illustrated during the development of the new SEPT9 assay. The
enhancement of specificity allows optimized discrimination between normal and abnormal
clinical samples, which is one of the reasons that a single SEPT9 methylation marker exhibited
much higher sensitivity in CRC detection than other methylation and protein markers. The
methods used in the new SEPT9 assay optimization can be used in optimizing other PCR
assays aiming at detection of tiny amount of templates.

The current SEPT9 assays, including the Epi proColon 2.0 CE and the SensiColon, can be
further optimized by reducing the amount of blood needed for CRC detection. This could be a
key step to enhance the compliance in countries where 10 ml blood draw for a single assay is
not common. Table 6 shows the volume of blood, plasma, DNA elution and PCR reaction in
both assays, with corresponding actual and predictive sensitivity and specificity. The Epi pro-
Colon 2.0 CE assay currently uses 3.5 ml plasma from 10 ml blood, and the elution volume is
60 pl with 45 pl used in three PCR reactions (equivalent to 2.7 ml plasma). It showed a sensitiv-
ity of 75.1% with a specificity of 97.1% at the current setting. In contrast, SensiColon collect
the same amount of blood and plasma and uses the same volume of elution, while only uses
half of the elution (equivalent to 1.8 ml plasma) in a single PCR reaction. It showed a sensitiv-
ity of 76.6% with a specificity of 95.9%. If the amount of blood is reduced to 5 ml for Epi pro-
Colon 2.0 CE assay, the equivalent plasma used in the assay would be 1.8 ml, which is identical
to that of the current SensiColon assay, and it can be predicted that its performance would be
similar to that of the SensiColon if a single PCR is performed. Similarly, if the amount of blood
is further reduced to 3 ml in SensiColon assay, the equivalent plasma would be 1 ml, and the
performance would be similar to that of the Epi proColon 2.0 CE assay with 1/1 algorithm
(Table 2). Therefore, it is possible to reduce the blood volume to 3 ml without substantial com-
promise in detection sensitivity and specificity. Further validation experiments are needed to
prove the prediction.

Table 6. The SEPT9 assay performance prediction based on equivalent plasma volume in PCR reaction.

blood plasma DNA elution Volume used in plasma sensitivity | specificity note
volume volume volume PCR equivalent

Epi proColon 2.0 10ml 3.5ml 60 pl 45l 2.7ml 75.1% 97.1% actual data
CE 5ml 1.8 ml 30 pl 30 pl 1.8 ml 76.6% 95.9% predictive

data
SensiColon 10ml 3.5ml 60 pl 30 ul 1.8ml 76.6% 95.9% actual data
3ml 1.0ml 15 pl 15 pl 1.0ml 71.3% 92.7% predictive

data

doi:10.1371/journal.pone.0163333.t006
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Conclusions

The selection of algorithm in a multiple PCR assay is crucial for test performance. The optimal
algorithm would be the one that best balances sensitivity and specificity. The application of
algorithm is dependent on the purpose of an assay. Screening for potential high-risk popula-
tion normally needs high sensitivity while tests aiming at early detection normally require high
specificity to avoid costly follow-up procedures. PCR assays with plasma samples can be opti-
mized by increasing the equivalent plasma volume or reducing the number of reactions
needed, which can be achieved together to facilitate its clinical application. Further optimiza-
tion is worthwhile to make cancer liquid biopsy a routine assay for potential patients.
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